ABSTRACT An experiment employing a factorial arrangement of two levels of Ca, two levels of available P (AP), and three levels of phytase enzyme was carried out with 360 ISA White layers from 18 to 67 wk of age. The Ca levels were maintained at 3.7 and 4.0% throughout the experiment. The AP levels were 0.2 and 0.4% for the high and low treatments until 55 wk of age and were reduced to 0.11 and 0.22% thereafter. Phytase enzyme levels were 0, 250, and 500 phytase units (FTU)/kg of feed. In the period before Week 55, either level of AP was likely adequate for maximum production. However, when lower levels of AP were fed after this time, low AP was associated with reduced BW and egg production,
INTRODUCTION
The majority of P in plants is contained in chemical structures called phytic acids or their salts, which are known as phytates (Pallauf and Rimbach, 1997) . Phytate P is relatively unavailable to monogastric animals. Thus, although plants contain substantial amounts of P, inorganic P is routinely added to mixed feeds. Phosphorus levels in feeds and feed components are reported as available P (AP); phytate P is considered to be largely indigestible. The National Research Council (1994) reports that corn has a total P level of 0.28%, whereas AP is only 0.08%; less than half of the P in soybean meal is considered available.
In addition to reducing the P availability to animals, phytates are associated with a number of antinutritional effects, largely because they can chelate divalent cations such as Ca, Mg, Fe, Zn, Cu, and Mn and can reduce protein availability (Ravindran et al., 1995; Liu et al., 1998; Bedford and Schulze, 1998) .
Perhaps more important to the human population as a whole is the negative effect of P on the environment. 1 AAFC Contribution Number 599. 2 To whom correspondence should be addressed: scottta@ EM.AGR.CA 1742 and enzyme supplementation was able to compensate for low AP. In this period, high AP and the highest level of phytase produced negative effects on BW, egg weight, and the feed conversion ratio. The ratio of Ca to AP was important; shell quality was best with high or low levels of both. With high levels of Ca, enzyme supplementation compensated for low levels of AP and overcompensated with a high level of AP. These effects were reduced or absent with low levels of Ca. It is clear from this study that phytase enzyme can compensate for low levels of AP in diets based on corn and soybean meal, but that the optimum level of supplementation depends as well on the Ca level.
Phosphorus is a limiting nutrient in algal growth, and the P in poultry manure can stimulate algal blooms that deplete dissolved oxygen in surface water. Legislation limiting P application is becoming common in countries with intensive animal industries. For these reasons, phytase, an enzyme that hydrolyzes phytic acid to inositol and phosphoric acid (Liu et al., 1998) , making the P available to animals, is of considerable interest to the poultry industries.
Various forms of phytase are produced by plants and microorganisms (Pallauf and Rimbach, 1997; Liu et al., 1998) . There may also be phytase activity in the brush border of the small intestine of chickens (Maenz and Classen, 1998) . Some plants, particularly rye, wheat, and triticale, contain substantial amounts of phytase, whereas corn contains very little, and soybeans only marginally more (Eekhout and dePaepe, 1994) . The actual level depends not only on the cereal, but also on the cereal variety and the climate of cultivation (Bedford and Schulze, 1998) .
Microbial phytases are produced by bacteria, fungi, and yeast, with great variety in the form and activity of enzyme from different sources (Liu et al., 1998) . The feed industry has been most interested in those produced by fungi, most notably Aspergillus spp., and has used genetic recombination to produce organisms generating high levels of enzyme (Cromwell et al., 1995) . Plants, including soybeans, have been genetically engineered to produce phytase (Denbow et al., 1998) , and it is conceivable to produce animals that have high levels of endogenous phytase (Bedford and Schulze, 1998) .
The use of phytase in broiler feed has been an active area of research (Nelson et al., 1971; Perney et al., 1993; Broz et al., 1994; Denbow et al., 1998) , especially in Europe where P pollution is a limitation to animal production. Reports of the effect of phytase enzyme in layer diets are fewer (Jeroch and Peter, 1994; Budor et al., 1995; Boling et al., 1997; Roland, 1997, 1998; van der Klis, 1997; Carlos and Edwards, 1998) and have not fully investigated the interactions among P, phytase, and Ca.
This paper reports on a laying trial in which hens were fed two levels of P, three levels of phytase enzyme, and two levels of Ca in a factorial arrangement designed to investigate interactions among these factors on production parameters of layers.
MATERIALS AND METHODS
Day-old ISA White female chicks were purchased from a commercial source. They were raised in pens at the Pacific Agri-Food Research Centre (PARC) and fed a 21.5% CP crumble starter diet until 6 wk of age, 17.5% CP pullet grower pellets from 7 to 12 wk, 16.5% CP developer pellets from 13 to 15 wk, 15.5% CP pre-lay pellets from 16 to 17 wk, and a 17% CP rolled pullet grower diet until 18 wk. Day-length during rearing was reduced gradually from 23 h at placement to 11 h at 6 wk of age, where it remained for the remainder of the growing period (18 wk).
At 18 wk of age, 360 pullets were housed with three hens to a cage. These were arranged in five replicate groups with two cages per treatment in each group, providing 10 cages per treatment. Each cage had a floor space of 2,250 cm 2 (45 cm × 50 cm) and was provided with two nipple drinkers and a feeder. Day-length was increased gradually to reach 16.5 h just after peak production and then was maintained until the end of the experiment. At Week 55, one replicate group (two cages) per treatment was removed from the experiment, and any hens that had died in the remaining cages were replaced. Experimental conditions were in accordance with guidelines described by the Canadian Council of Animal Care (1993) , and the protocol was approved by the Animal Care Committee of PARC-Agassiz, British Columbia.
Three factors of the feeding program were investigated in a factorial arrangement: Ca level (high and low), AP level (high and low), and phytase 3 addition [0, 250, and 500 phytase units (FTU)/kg]. The Ca levels were main-3 BASF Canada, Abbotsford, British Columbia, Canada V2S 7G7; 1,000 FTU/kg from Aspergillus niger.
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Northwest Laboratories, Lethbridge, AB, Canada T1J 4H1. tained at 4.0 and 3.7% for the high and low treatments throughout the trial. The AP levels were 0.4 and 0.2% for the high and low treatments, respectively from 18 to 55 wk, and 0.22 and 0.11%, respectively from 56 to 67 wk of age. Experimental diets were formulated by BASF 3 (Table 1 ) and mixed at PARC-Agassiz. Energy levels were constant throughout the experiment at 2,775 kcal/kg, and protein levels were 18, 17, 16, and 15% with diet changes at 18, 28, 40, and 55 wk. Enzyme additions of 0.025 and 0.050% were at the expense of the corn in the diet. All diets were fed in a mash form and provided for consumption on an ad libitum basis. The change in AP level divided the experiment and was accompanied by a transition period from 52 to 54 wk that is not included in the data reported.
Enzyme activity in the finished diets was measured by BASF 3 and showed an average of 46 FTU/kg in diets with no supplementation (mean of eight diets, not measured in diets containing 15 and 17% CP), 218 FTU/kg in diets with 0.025% enzyme supplementation (mean of 16 diets), and 416 FTU/kg in diets with 0.50% supplementation (mean of 16 diets). Calcium levels in the finished diets were measured by Northwest Labortatories 4 , and P levels were measured at PARC-Agassiz.
The total numbers of intact eggs, cracked eggs, and soft-shell eggs per replicate (two cages) were recorded for 5 d/wk, and these numbers were extrapolated to production for 7 d. Each week, all the intact eggs produced on 1 d were weighed, which, combined with the production of intact cracked, and soft-shell eggs, allowed calculation of the egg mass that was produced. To allow calculation of the feed conversion ratio (FCR), feed intake (FI) was recorded every 4 wk, with three exceptions. The FI was measured for a 2-wk period at Weeks 26 and 27 and a 5-wk period between Weeks 55 and 59, and FI between Weeks 52 and 54 was not included in the analyses.
All of the hens were weighed at caging and at 28, 32, 40, 48, and 67 wk of age. The BW changes between 18 and 48 wk and between 48 and 67 wk were calculated. Mean BW values for each cage were used in the statistical analyses.
Eggs produced by hens in two of the five replicate groups on 1 d at 22, 26, 30, 34, 38, 42, 46, 50, 54, 59, 63 , and 66 wk of age were collected and stored overnight at room temperature. Specific gravity was measured using a series of graded salt solutions (Hamilton, 1982) . The eggs were weighed and broken onto a flat surface. Albumen height was measured with a tripod micrometer, and shell weights were determined after drying for 3 d at 60 C. The data were grouped into three periods: Weeks 22, 26, 30, and 34 constituted Period 1; Weeks 38, 42, 46, and 50 constituted Period 2; and Weeks 54, 59, 63, and 66 constituted Period 3. Average values for each cage in each period were used in the statistical analyses.
Statistical Analysis
Differences in mortality among treatments were tested using contingency Chi-square (Steel and Torrie, 1980) . Other data were analyzed by ANOVA using the General Linear Models procedure of SAS (Littell et al., 1991) with the main effects of Ca, AP, and enzyme level and the two-and three-way interactions among these effects.
RESULTS
Mortality was low throughout the trial, with no significant differences among treatment groups. One hen died The premix provided per kilogram of diet: vitamin A, 9,600 IU; cholecalciferol, 3,120 IU; vitamin E, 36 IU; menadione, 2.4 mg; vitamin B 12 , 0.018 mg; riboflavin, 7.2 mg; pantothenic acid, 14.4 mg; niacin, 60 mg; thiamine, 1.2 mg; pyridoxine, 2.4 mg; folic acid, 0.72 mg; biotin, 0.06 mg; zinc, 100 mg; iron, 80 mg; manganese, 100 mg; copper, 12 mg; iodine, 1 mg; and selenium, 0.3 mg.
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Analyzed P levels for these diets were not available. between 18 and 35 wk. Mortality between 36 and 51 wk was 1.9%. After Week 55, mortality was 3.5%.
Egg production, measured either as hen-day egg production or as hen-day egg mass, was not affected by the treatment in the first period ( Table 2 ). The total number of soft-shelled and cracked eggs in Period 1 was 0.5% and was not significantly affected by treatment. In the second period, the AP by enzyme interaction and the three-way interaction were significant for both hen-day Each mean represents the egg production from two cages in each of five repetitions in the first two periods and four repetitions in the third period. The N for the ANOVA was 60 for the first two periods and 48 for the third period. production and egg mass. With low levels of AP, increases were observed with increasing levels of enzyme, whereas with high AP, little difference was seen among enzyme levels. With high Ca, enzyme increased the egg production and egg mass if the P was not provided by higher AP. However, with high AP, production was decreased with high levels of enzyme. With low Ca, there was little effect of enzyme or AP level. In the third period, high Ca levels were associated with low egg production, high AP with high egg production and egg mass, and no enzyme with low egg production. With high AP, there seemed to be little effect of enzyme on egg production or egg mass, but with low AP and no enzyme, egg production and egg mass were both low. The highest egg production and egg mass were observed with high AP and 250 units of enzyme or with low AP and 500 units of enzyme.
There were significant interactions between the factors for FI in all three periods (Table 3 ). In the first period, with high Ca and low AP but not high AP, FI increased with increasing levels of enzyme. In the second period, with high Ca and high AP, increasing levels of enzyme were associated with decreased FI, whereas the opposite was true with low AP. With low Ca, these effects are not as clear, although in both periods with high AP, FI was lowest without enzyme and, with low AP, it was highest with no enzyme. In the third period, a significant AP by enzyme interaction was observed because FI increased with increasing levels of enzyme with low AP, but not with high AP.
Feed conversion was also affected by the dietary treatments. In the third period, either level of enzyme addition improved the FCR, and a significant AP by enzyme interaction was observed in both the second and third periods. With low AP, the FCR improved as enzyme addition increased, whereas with high AP, the highest level of enzyme had a slight negative effect.
Body weight (Table 4) was not affected by dietary treatment before 40 wk of age, when an interaction among the three factors was significant. The BW change is likely of more interest. The level of AP had a significant effect on the BW change between Week 28 and 48 (Week 28 was chosen to avoid the period of continued growth after the start of egg production); higher AP produced slightly greater gains. The interaction between AP and enzyme level was significant for the BW change between 48 and 67 wk. Without enzyme, the hens lost the most weight with low levels of AP. With 250 FTU/kg enzyme there was little effect of AP level. With 500 FTU/kg, BW change was positive with low AP and negative with high AP.
No treatment effect was significant for egg weight during the initial phase of the experiment (Table 5 ), but after AP levels were lowered, the Ca level and the three-way interaction were significant. Higher Ca increased egg weight. With high Ca and low AP, enzyme increased egg weight, but, with high AP, enzyme decreased it. With low Ca, there was little clear effect of enzyme or AP on egg weight. Albumen height during the first period was also higher with enzyme when low AP was fed, but was lower with enzyme when high AP was fed. The three-way interaction was significant for albumen height during the second period. With high Ca, either level of enzyme increased albumen height for both levels of AP. With low Ca, the lowest value with low AP was with no enzyme, and, with high AP, the highest value was with no enzyme. Each mean represents the egg production from two cages in each of five repetitions in the first two periods and four repetitions in the third period. The N for the ANOVA was 60 for the first two periods and 48 for the third period. Measures of eggshell characteristics are presented in Table 6 . During the first period, corresponding approximately to the period until the egg production peak, high Ca was associated with increased specific gravity and shell weight. A significant interaction between Ca and P was observed for both measures; Ca had a larger effect with high AP. During the second period, high AP increased both specific gravity and shell percentage when fed with high Ca but decreased both measures when fed with low Ca. With high AP, the enzyme reduced specific Each mean represents two replicates with five to 13 eggs in each of Periods 1 and 2 and from two to nine eggs in Period 3. The total number of eggs measured was 1,282. The N for the ANOVA was 48. gravity during this period. With low AP, it had little effect.
DISCUSSION
Despite the growing use of phytase enzyme to reduce dietary P supplementation and the environmental load, there is remarkably little research reported on laying hens. Van der Klis et al. (1997) and Gordon and Roland (1998) appear to be alone in reporting interactions among Ca, P, and phytase in layers.
The National Research Council (1994) reports Ca requirements of 3.25% for hens eating 100 g/d, although industry norms are likely higher than this. Low levels of dietary Ca have been associated with increased feed consumption, reduced shell quality, and reduced egg production (Roland et al., 1985 (Roland et al., , 1996 . The levels of Ca used in this experiment did not differ greatly from each other. Despite this similarity, the main effect of Ca level was significant for FI, shell quality, and egg production, as would be predicted from the literature. In the final period, low Ca was also associated with reduced egg weight, possibly because of interactions with the other dietary factors.
The main effects of P level and phytase supplementation were significant only in the last period of production. Before this time, AP levels were 0.2 and 0.4% of the diet and were likely close to being sufficient for maximal production at either level (National Research Council, 1994) . When AP levels were reduced to 0.11 and 0.22% after Week 55, the lower level of AP was associated with decreased BW and egg production, as has been found previously (Owings et al., 1977) , and enzyme supplementation was associated with increased BW and egg production and improved FCR. Clearly, the lower level of AP in the final period was inadequate, and the release of P by enzyme supplementation was able to compensate for this. Two-way interactions between AP and enzyme levels were slightly more sensitive than either effect alone; several interactions were significant in the first two periods. In the first period, phytase increased albumen height with low AP diets, but not with high AP diets. Although dietary factors are not thought to be important in determining albumen height (Williams, 1992) , this interaction could be the result of changes to eggshell characteristics or might indicate effects of phytase that are unrelated to the primary effect of P release.
In the third period, when AP levels were reduced, the interaction between AP and phytase was caused by the positive effect of enzyme on BW, egg production, egg weight, FI, and FCR with a low level of AP. Enzyme did not have this positive effect with the higher level of AP. In fact, with high levels of AP, addition of enzyme decreased BW and egg weight and increased the FCR. This negative effect of high AP and high enzyme was also observed in the second period for egg-specific gravity and FCR. Negative effects of high levels of AP are not often cited in discussions of P requirements for layers (Owings et al., 1977; Edwards and Suso, 1981) . However, both Newkirk et al. (1993) and Usayran and Balnave (1995) found negative effects of high P or phytase enzyme in wheat-based diets. These data suggest that there is an optimum level of phytase, which depends at least partly on the level of AP.
The P level is important in relation to the Ca level. In Periods 1 and 2, the P by Ca interaction was significant for at least one of the measures of shell quality. High or low levels of both nutrients resulted in the best shell quality, and either high Ca with low P or low Ca with high P resulted in reduced shell quality. The interaction between Ca and enzyme was not significant, suggesting that the effect of the phytase is not simply as a substitute for P, although significant three-way interactions for the variables measured may provide a partial explanation.
Some research has been reported on the interactions of phytase, Ca, and P levels (van der Klis et al., 1997; Gordon and Roland, 1998) or their metabolism (Edwards, 1993; Biehl et al., 1995; Carlos and Edwards, 1998 ). An interaction among these effects for BW at 40 wk provides evidence of a depressing effect of P or phytase with a low Ca level and a positive effect with a high Ca. A threeway interaction for albumen height in the second period suggests that there is an optimum ratio between Ca and P and that the P can be provided from phytate P by the action of phytase.
With high levels of Ca and low levels of P, enzyme supplementation increased egg production, egg weight, and FI, whereas at high levels of AP, phytase decreased these measures. With low Ca, there was a smaller effect of AP and phytase on FI and egg production and little effect on egg weight. These effects are likely related and may be the result of the hen attempting to balance Ca and P by altering FI.
This study demonstrates that phytase enzyme can compensate for reduced AP levels in layer diets, but it provides an indication that the optimal levels of AP and enzyme are not the maximum. These optima depend on the level of Ca in the diet, and negative effects can occur with high levels of both AP and phytase, especially with low levels of Ca.
